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Cortical excitability increases during the performance of more
difﬁcult postural tasks. However, it is possible that changes in
posturalthreatassociatedwithmoredifﬁculttasksmayinthemselves
leadtoalterationsintheneuralstrategiesunderlyingposturalcontrol.
Therefore,thepurposeofthisstudywastoexaminewhetherchanges
in postural threat are responsible for the alterations in corticospinal
excitabilityandshort-intervalintracorticalinhibition(SICI)thatoccur
with increasing postural task difﬁculty. Fourteen adults completed
threeposturaltasks(supportedstanding,freestanding,orstandingon
anunstableboard)attwosurfaceheights(groundlevelor3mabove
ground). Single- and paired-pulsemagnetic stimuliwere applied to
themotorcortex tocomparesoleus (SOL)and tibialisanterior (TA)
testmotor-evoked potentials (MEPs) and SICI between conditions.
SOLandTA testMEPs increasedfrom0.35  0.29 to0.82  0.41
mV (SOL) and from 0.64   0.51 to 1.96   1.45 mV (TA),
respectively,whereasSICIdecreased from52.4  17.2% to39.6 
15.4% (SOL) and from71.3  17.7% to50.3  19.9% (TA)with
increasing taskdifﬁculty. Incontrast to theeffectsof taskdifﬁculty,
only SOL testMEPswere smallerwhen participants stood at high
(0.49  0.29mV) comparedwith low height (0.61  0.40mV).
Becausethepresenceofposturalthreatdidnotleadtoanyadditional
changes in the excitabil-ity of themotor corticospinal pathway and
intracortical inhibition with increasing task difﬁculty, it seems
unlikelythatalterationsinper-ceivedthreatareprimarilyresponsible
for theneurophysiologicalchanges thatareobservedwith increasing
posturaltaskdifﬁculty.
NEW & NOTEWORTHY We examined how task difﬁculty and
postural threat inﬂuence the cortical control of posture. Results indi-
cated that the motor corticospinal pathway and intracortical inhibition
were modulated more by task difﬁculty than postural threat. Further-
more, because the presence of postural threat during the performance
of various postural tasks did not lead to summative changes in
motor-evoked potentials, alterations in perceived threat are not re-
sponsible for the neurophysiological changes that occur with increas-
ing postural task difﬁculty.
arousal; balance control; electromyography; postural threat; transcra-
nial magnetic stimulation
INTRODUCTION
There is increasing evidence that motor cortical areas con-
tribute to the maintenance of human standing posture. Studies
incorporating transcranial magnetic stimulation (TMS) have
noted an increase in soleus (SOL) cortical excitability when an
individual is freely standing compared with sitting (Soto et al.
2006) or standing with support (Tokuno et al. 2009). As the
standing postural task is made more difﬁcult by altering the
support surface (e.g., standing on foam vs. solid ground) or
removing sensory information (e.g., standing with eyes closed
vs. open), there is a concomitant increase in corticospinal
excitability (Papegaaij et al. 2014; Solopova et al. 2003). It has
been postulated that this increase in cortical excitability is
facilitated through the disinhibition of intracortical inhibitory
circuits, because the amount of SOL or tibialis anterior (TA)
short-interval intracortical inhibition (SICI) is reduced during
standing compared with sitting (Obata et al. 2014; Soto et al.
2006) or during standing on an unstable compared with a stable
support surface (Papegaaij et al. 2016).
Although changes in cortical and corticospinal excitability
as well as modulation of intracortical inhibition appear to be
associated with postural task difﬁculty, it is possible that with
increasing postural demands, individuals may undergo changes
associated with the perceived postural threat (Hauck et al.
2008). This is problematic because physiological and psycho-
logical changes associated with the threat may in themselves
lead to alterations in the neural strategies underlying postural
control. For example, when individuals experience a postural
threat due to standing at an elevated height, they commonly
experience higher levels of fear, anxiety, and arousal, as well
as decreased conﬁdence, and consequently adopt a “stiffer”
postural control (Carpenter et al. 2001). This is typically
demonstrated through an increase in dorsiﬂexor and a decrease
in plantar ﬂexor electromyographic (EMG) activity (Brown et
al. 2006; Carpenter et al. 2001; Sibley et al. 2007) as well as a
reduced variability and a smaller amplitude of the anteropos-
terior center-of-pressure (COP) displacement (Brown et al.
2006; Carpenter et al. 2001). These biomechanical changes as
a result of threat-induced anxiety may be a result of numerous
neurophysiological changes, such as pathways mediated by the
amygdala, vestibular system, or cerebral cortex [for detailed
review, see Staab et al. (2013)]. Furthermore, Sibley et al.
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(2007) observed a decrease in spinal excitability, as demon-
strated by a smaller SOL Hoffmann reﬂex (H-reﬂex) ampli-
tude, when individuals stood in the presence of postural threat.
This downregulation of spinal excitability is believed to be
achieved via an increased contribution from cortical or su-
praspinal structures (Adkin et al. 2008; Llewellyn et al. 1990).
Work by Tanaka et al. (2013) seems to support this possibility,
where single-pulse TMS was used to demonstrate an increase
in corticospinal excitability to the internal oblique muscles
when individuals stood at a large compared with a narrow
support base at height. In contrast, a more recent study by
Johannsson et al. (2017) observed no change in TMS-evoked
SOL motor-evoked potential (MEP) amplitudes when partici-
pants stood at the top or bottom of a 0.7-m staircase. Given
these discrepancies, it is still unclear if and how postural threat
impacts the corticospinal control of standing posture. Further-
more, because both studies only assessed corticospinal excit-
ability during one postural task (i.e., quiet standing), it is not
known whether the effects of postural task difﬁculty on pos-
tural control are independent or dependent on the effects of
postural threat.
Therefore, the purpose of this study was to examine whether
changes in postural threat are responsible for the alterations in
corticospinal excitability and SICI that may also occur with
increasing postural task difﬁculty. This was achieved by intro-
ducing a known postural threat while individuals performed
postural tasks of varying difﬁculty. On the basis of previous
research, it was hypothesized that SOL and TA corticospinal
excitability would increase but that SICI would decrease dur-
ing the more difﬁcult postural tasks. If these neurophysiolog-
ical changes are a result of the perceived postural threat of
performing the more difﬁcult postural tasks, it would be
expected that the addition of a secondary source of postural
threat would lead to a cumulative (i.e., greater) change to both
corticospinal excitability and SICI.
METHODS
Participants. Fourteen adults (9 men) with a mean SD age of
28  5 yr, height of 174 10 cm, and mass of 68.7  12.1 kg
participated in this study. Seven of these participants returned ~1 wk
later and completed the same six experimental conditions in the same
order as the ﬁrst session. The purpose of the second session was to
quantify the level of physiological arousal level, via electrodermal
activity recordings, during the various height and task conditions.
During this second session, neither EMG nor TMS was used.
None of the participants reported any history of injuries or disor-
ders that could affect their balance. All participants provided written
informed consent before their involvement in the study. All experi-
mental procedures were approved by the local ethics committee and
were in accordance with the Declaration of Helsinki.
Experimental protocol. Areas of skin over the SOL and TA of the
right leg were shaved and cleansed with alcohol before a pair of
surface electrodes (Blue sensor P; Ambu, Bad Nauheim, Germany)
was placed on each of two muscles. A reference electrode was placed
on the lateral aspect of the knee joint. The two EMG signals were
ampliﬁed 1,000 times and sampled at 4 kHz (custom LabView-based
software with National Instruments data acquisition board; Austin,
TX). For participants involved in the second session, two surface
electrodes (same material as above) were placed on the palm of their
nondominant hand. These electrodes were connected to an electroder-
mal activity ampliﬁer (EDA100C; BIOPAC Systems, Goleta, Canada)
to measure the ongoing galvanic skin response at a sampling rate of
1,000 Hz (custom LabView-based software with National Instruments
data acquisition board).
To elicit MEPs in the SOL and TA, the left motor cortex was
stimulated using a 95-mm focal butterﬂy-shaped coil (D-B80) con-
nected to a MagPro X100 with MagOption magnetic stimulator (both
from MagVenture, Farum, Denmark). Each magnetic pulse was a
biphasic waveform and was set to evoke posterior-anterior current
ﬂow in the interhemispheric ﬁssure. The coil was initially positioned
~0.5 cm anterior to the vertex and was systematically moved until the
largest SOL MEP could be elicited with minimal stimulator intensity.
Once this ideal position was determined, the coil was mechanically
ﬁxed to a custom-designed helmet worn by the participant.
With the coil secured, the active SOL motor threshold (aMT) was
determined with participants in a standing posture. Active MT was
deﬁned as the minimum intensity at which a SOL MEP, with a
minimum peak-to-peak amplitude of 100 V, could be distinguished
in three of ﬁve consecutive trials (Kujirai et al. 1993). With the use of
these criteria, the SOL aMT across all participants occurred at
59  10% of maximal stimulator output.
Experimental conditions. Participants completed six experimental
conditions consisting of one of three standing balance tasks at one of
two surface heights. The three standing tasks consisted of 1) standing
with a supporting beam placed at approximately chest height (“sup-
ported”), 2) normal standing (“free”), and 3) standing on top of a
9.5-cm-high (31-cm diameter) rubber wobble balance board that had
a ﬂat surface with a small dome at the bottom (Gym Top; “unstable”).
For the supported condition, a horizontal supporting beam with
vertical supports was moved toward the participants’ chest until they
felt that they could “rest” their torso on the beam. This condition was
introduced because it involves sensory feedback from the feet and
requires a similar amount of postural muscle activity compared with
the free standing condition, but without the need to control for
postural sway (Papegaaij et al. 2016; Tokuno et al. 2009). All tasks
were completed on a force platform (AMTI OR6-7; Advanced Me-
chanical Technology, Watertown, MA) that was either placed at
ground level (“low” surface height) or at the edge of a platform that
was 3 m above ground level (“high” surface height). The purpose of
the high surface height was to present a postural threat to the
participant and induce a higher level of arousal. Participants com-
pleted all tasks barefoot, with their feet together, their arms to the
sides, and their gaze focused toward a target that was located 7 m
away at eye level. For safety reasons, participants wore a harness and
were attached by a rope to an overhead support. There was enough
slack in the rope to allow body movements but, if necessary, prevent
a fall. The order of the three balance tasks and the two surface heights
were randomized between participants, but each participant completed
the three standing tasks within each surface height condition in a
blocked order. Thus the three trials of a particular task were performed
consecutively and the three tasks of a particular height condition were
completed consecutively before being changed to the other height
condition.
For each of the six experimental conditions, participants main-
tained their balance while they received 20 single (test)-pulse and 20
paired-pulse magnetic stimuli. For the single (test)-pulse stimulus, the
stimulus intensity was set at 120% of the predetermined aMT. The
paired-pulse stimuli were administered to assess the amount of SICI.
SICI, and not intracortical facilitation (ICF), was examined because
previous studies investigating the inﬂuence of task difﬁculty on the
cortical control of standing have observed changes in SOL SICI
(Papegaaij et al. 2014, 2016) but not ICF (Papegaaij et al. 2016).
Furthermore, it was important to consider the number of TMS mea-
sures to minimize any potential habituation effects that may occur due
to repeated exposure of standing at height and/or fatigue. To test for
SICI, a conditioning stimulus of 80% aMT was followed 2.5 ms later
by a suprathreshold test stimulus of 120% aMT (Kujirai et al. 1993;
Papegaaij et al. 2014). Because SICI is dependent on the intensity of
the test TMS pulse rather than the size of the test MEP (Garry and
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Thomson 2009), the stimulus intensities were kept constant across
balance tasks and surface heights. The single- and paired-pulse stimuli
were presented in an alternating order, with 5 s between stimuli. As a
result, participants stood for ~3 min for each experimental condition.
At the end of each standing task at the high surface height
condition, participants rated their perceived fear, anxiety, and stability
from 0 to 100% on a visual analog scale. Once all three tasks were
completed, participants completed a 10-item questionnaire that as-
sessed their level of state anxiety, speciﬁcally that related to somatic
sensation and worry, while standing at height (Carpenter et al. 2006;
Hauck et al. 2008). Each item was rated on a 9-point interval scale,
and the total sum from all items was calculated. The questionnaire and
methods of calculation were based on a modiﬁed version of the Sport
Anxiety Scale (Smith et al. 1990) that was adapted to make it
contextually relevant to the surface height paradigm. Hauck et al.
(2008) and Carpenter et al. (2006) used this adapted version to show
that state anxiety, as measured by the questionnaire, was reliable and
signiﬁcantly correlated with physiological measures of arousal (i.e.,
blood pressure).
Data analysis. The peak-to-peak amplitude of each MEP was
measured, and the average amplitudes of all test and conditioned
MEPs within each condition were determined. SICI was calculated as
the percentage of inhibition from the test MEP amplitude, using the
formula [1  (conditioned MEP/test MEP)]  100%. Because MEPs
can be inﬂuenced by the amount of ongoing EMG activity, the
background EMG (bEMG) activity of the SOL and TA were mea-
sured as the root mean square (RMS) amplitude from the rectiﬁed and
ﬁltered (2nd-order 10- to 1,000-Hz bandpass Butterworth ﬁlter) dur-
ing the 100 ms before each stimulus. From these values, an agonist-
to-antagonist coactivation ratio was calculated for each task and
height condition using the formula TA bEMG/SOL bEMG (Baudry
and Duchateau 2012). SOL and TA bEMG values, as well as the
coactivation ratio, were later compared between standing tasks and
height conditions.
Statistics. Each dependent measure was statistically analyzed using
a 2 (low vs. high height)  3 (supported vs. free vs. unstable standing
task) repeated-measures ANOVA. Where appropriate, post hoc anal-
yses were conducted using Bonferroni-corrected paired t-tests. To
investigate whether alterations in bEMG or test MEP amplitudes
might have inﬂuenced the size of the SICI response, Spearman’s
correlations were performed. The presented correlation results were
performed on the EMG data averaged between the low and high
height; however, the analyses yielded similar results even when the
correlations were calculated from data at each height condition
separately.
Signiﬁcance for all tests was set at P 0.05. All statistical analyses
were performed using commercially available software (SPSS version
22). Values are means SD.
RESULTS
Psychological and physiological measures of arousal. Of
the three standing tasks performed at high height, participants
perceived the greatest amount of fear (26 29%; range
0–80%) and anxiety (23  29%; range 0–90%) as well as the
least amount of stability (59 27%; range 10–100%) during
the unstable standing task. Furthermore, participants reported a
small but elevated level of state anxiety related to somatic
sensation and worry (22 13; range 10–57 out of 90) while
performing the three tasks at the high surface height condition.
These perceived levels of psychological arousal were largely
corroborated by measures of physiological arousal. The mean
galvanic skin response during the standing task was inﬂuenced
by main effects of height (F1,6  12.26; P 0.013; p2 0.67)
and task (F2,22  9.51; P  0.003; p2  0.61). Participants
demonstrated a 36 31% greater skin response during the
high compared with the low height conditions. Furthermore,
10  7% and 15  11% greater electrodermal activity was
noted during the unstable compared with the free (P  0.013)
and the supported standing conditions (P  0.046), respec-
tively. The free and supported standing conditions did not
result in a difference in skin response (5  8% difference; P
0.530).
Background EMG activity. SOL background EMG activity
was inﬂuenced by a task main effect (F2,26  20.32; P 
0.001; p
2  0.61; Table 1) but not by the height condition
(F1,13  0.471; P  0.505). Post hoc tests indicated that EMG
activity was larger during both the unstable and free standing
conditions compared with the supported standing condition
(P  0.001 and P  0.002, respectively).
The TA background EMG activity was affected by a
height  task interaction effect (F2,26  4.59; P  0.020;
p
2  0.26; Table 1). TA EMG activity was greater at the
high compared with the low height during the unstable
condition (P  0.010), but there was no difference during
the free and supported conditions.
Changes in SOL and TA bEMG between the different task
and height conditions resulted in the coactivation ratio being
affected by a height condition (F1,13  4.961 P  0.044;
p
2  0.28; Table 1). The 72% larger coactivation ratio at the
high (1.72  1.89) compared with the low height condition
(1.00  1.00) indicates a proportionately greater increase in
the TA compared with the SOL bEMG activity when partici-
Table 1. SOL and TA bEMG activity during postural tasks at low and high surface height conditions
Low Surface Height High Surface Height
Supported Free Unstable Supported Free Unstable
Test trials
SOL EMG, mV 0.02  0.02* 0.03 0.02 0.03 0.02 0.02 0.02* 0.02 0.02 0.03 0.02
TA EMG, mV 0.01  0.00 0.01 0.01 0.03 0.03 0.01 0.02 0.01 0.01 0.05 0.06†
Coactivation ratio‡ 0.80 0.88 0.50 0.83 1.77 2.57 1.85 3.38 0.98 1.60 2.39 3.25
SICI trials
SOL EMG, mV 0.02  0.02* 0.03 0.02 0.03 0.02 0.02 0.02* 0.02 0.02 0.03 0.02
TA EMG, mV 0.01  0.00 0.01 0.01 0.03 0.03 0.01 0.02 0.01 0.01 0.05 0.06†
Coactivation ratio‡ 0.68 0.84 0.45 0.69 1.78 2.32 1.78 3.25 0.94 1.43 2.36 3.06
Values are means  SD. *Task main effect, where the soleus (SOL) background electromyographic (bEMG) activity was smaller during the supported
standing condition compared with the unstable (P  0.001) and free standing conditions (P  0.002). †Tibialis anterior (TA) bEMG activity was greater (P 
0.010) at high compared with low height during the unstable standing condition. ‡Height main effect (P  0.044), where the coactivation ratio was greater at
high compared with low height.
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pants stood at the high height. The task main effect (P 0.143)
and all other interaction effects (P  0.732–0.937) were not
signiﬁcant.
Test MEP amplitudes. The unconditioned test SOL MEP
amplitude was inﬂuenced by main effects of height (F1,13 
5.77; P  0.032; p2  0.31) and task (F2,26  30.80; P 
0.001; p
2  0.70). Not only were SOL MEPs smaller during
the high (0.49  0.29 mV) compared with the low height
condition (0.61 0.40 mV), but post hoc tests revealed that
MEPs were different between all three standing tasks. The
largest test MEPs occurred during the unstable (0.82 0.41
mV), followed by the free standing (0.49 0.39 mV) and
supported standing condition (0.35 0.29 mV). The height 
task interaction effect was not signiﬁcant (F2,26  0.41; P 
0.668).
For the TA, the test MEP amplitude was affected by a task
main effect (F2,26  14.65; P  0.001; p2  0.53). MEPs
obtained during the unstable condition (1.96 1.45 mV) were
larger than those from the free (0.73 0.80 mV) and sup-
ported standing conditions (0.64 0.51 mV), but MEP ampli-
tudes were not different between the latter two conditions. In
contrast, TA test MEP amplitudes were not inﬂuenced by a
surface height main effect (F1,13  0.61; P  0.448) or a
height  task interaction effect (F2,26  1.44; P  0.255).
Short-interval intracortical inhibition. The amount of SICI
in SOL was different between tasks (F2,26  5.47; P  0.010;
p
2  0.30) but not between surface heights (F1,13  1.28; P 
0.278; Fig. 1). There was a 32% decrease in SICI during the
unstable compared with the free standing condition (P 
0.019) and a trend toward a decrease (24%) during the free
compared with the supported standing condition (P  0.077).
The height  task interaction effect was not signiﬁcant
(F2,26  0.76; P  0.479).
Similar effects were observed with regards to the amount of
SICI in TA. There was no difference between the low and high
height conditions (F1,13  1.50; P  0.243), but the amount of
inhibition was inﬂuenced by a task main effect (F2,26  13.23;
P  0.001; p
2  0.50). Post hoc analyses indicated a lesser
amount of SICI during the unstable compared with both the
free (35% decrease; P  0.005) and supported standing con-
ditions (42% decrease; P  0.003). The height  task inter-
action effect was not signiﬁcant (F2,26  1.07; P  0.359).
Correlational analyses. Correlational analyses were per-
formed to examine whether relationships between the various
background EMG and TMS-related measures existed. The
following correlations were based on data averaged between
the low and high height conditions, but analyses from each
height condition, including the corresponding R2 values, are
reported in Table 2. First, it was found the change in test MEP
amplitude was not signiﬁcantly correlated with the change in
SICI between the easiest (i.e., supported standing) and the
hardest (i.e., unstable standing) standing conditions. Pearson’s
r values were 0.20 for the SOL (P  0.498) and 0.21 for
the TA (P  0.480). Second, the change in background EMG
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Fig. 1. A and B: soleus (SOL) and tibialis anterior
(TA) test motor-evoked potential (MEP) amplitudes,
respectively, for each of the 3 standing tasks at the 2
surface height conditions. C and D: SOL and TA
short-interval intracortical inhibition (SICI), respec-
tively, for each of the 3 standing tasks at the 2 surface
height conditions. Values are means SD. For all
plots, closed and open circles represent the low and
high surface height condition, respectively. *P 
0.05, statistically signiﬁcant differences.
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activity was not correlated with the change in test MEP
amplitudes between the supported and unstable standing con-
ditions. Pearson’s r values of 0.36 and 0.44 were observed for
the SOL (P  0.201) and TA (P  0.114), respectively.
Similarly, the change in background EMG activity was not
correlated with the change in SICI between the supported and
unstable standing conditions, with r values of 0.23 and
0.24 for the SOL (P  0.437) and TA (P  0.409), respec-
tively. Taken together, it is unlikely that the observed changes
in test MEP or SICI could be attributed to variations in
background EMG or motor threshold between the different
postural task conditions.
DISCUSSION
Numerous studies have examined how the cortical contribu-
tions to postural control are altered with postural task difﬁ-
culty. However, these studies have not considered the possi-
bility that a change in postural threat, caused by an increase in
postural task difﬁculty, may impact the neural mechanisms
underlying postural control. The potential for such a confound-
ing effect was evidenced in this study, where an increase in
physiological arousal (i.e., galvanic skin response), perceived
fear, and perceived anxiety were observed during the unstable
compared with the free and supported postural tasks. This is
similar to the ﬁndings of Hauck et al. (2008), who reported
increases in both physiological and state anxiety as young
adults completed postural tasks of increasing difﬁculty (i.e.,
quiet standing, maximum reach, and one-legged stance tests).
Thus, to examine the effect of postural threat on the neuro-
physiological control of posture, participants of this study
performed three postural tasks at low and high surface heights.
Data from this study indicate that the excitability of the motor
corticospinal pathway was increased and intracortical inhibi-
tion decreased with increasing postural task difﬁculty. How-
ever, when postural threat, in the form of standing at an
elevated surface height, was introduced to further increase
levels of arousal and anxiety, a summative effect of our
neurophysiological measures was not observed. Because there
also were no signiﬁcant height  task difﬁculty interaction
effects, it is unlikely that neurophysiological changes that are
associated with increasing postural task difﬁculty can primarily
be attributed to alterations in postural threat.
Effects of postural task difﬁculty. The three postural tasks
examined in this study resulted in a systematic increase in SOL
and TA corticospinal excitability, as reﬂected by the test MEP
amplitude, as well as a decrease in SOL and TA intracortical
inhibition (i.e., SICI). The observed magnitude of MEP and
SICI change supports previously reported ﬁndings, particularly
when the level of postural task difﬁculty is considered. For
example, in this study we observed a 40% increase in SOL
MEP amplitude from the supported to the free standing con-
ditions, and a further 67% increase from the free to the unstable
standing conditions, respectively. This compares to the 15–
35% increase in SOL MEP amplitude as individuals were
tested from supported to unsupported standing (Papegaaij et al.
2016; Tokuno et al. 2009) or the ~50% increase when tested
from a sitting to a standing posture (Obata et al. 2009).
Likewise, the observed 24–42% smaller SICI between the
three postural tasks is similar to the 14% change from rest to
postural contraction (Soto et al. 2006), the 38% change from
sitting to standing (Obata et al. 2009), and the 30% decrease
during unsupported compared with supported standing (Pape-
gaaij et al. 2016). One exception to this task-dependent mod-
ulation of SICI was reported by Papegaaij et al. (2014), who
observed no change in SICI when young adults stood with their
eyes closed instead of open or when they stood on foam instead
of a rigid surface. However, this contrasting result could be
attributed to the muscle under investigation (i.e., the TA may
be less responsive to changes in postural task) or to the fact that
the differences in the difﬁculty and sensory conditions of their
chosen postural tasks were quite small compared with other
studies.
Correlational analyses suggested that the observed changes
in SOL or TA SICI were not related to changes in background
EMG activity or different motor thresholds between postural
tasks. Accordingly, our results provide further support of a
postural task-dependent modulation of corticospinal excitabil-
ity and intracortical inhibition, with an increased reliance of
motor cortical pathways during more challenging postural
tasks (Papegaaij et al. 2016). Reducing intracortical inhibition
when a more challenging postural task is experienced could
facilitate the excitability of the motor cortical areas so that it is
more easily activated when a loss of balance is unexpectedly
experienced (Papegaaij et al. 2016).
Effects of postural threat. Despite a threefold increase in
physiological arousal during the high compared with the low
height condition, a summative effect on corticospinal excitabil-
ity or SICI with postural task difﬁculty was not observed. Only
one dependent measure, the SOL test MEP amplitude (i.e.,
corticospinal excitability), was different between the low and
high surface height conditions, but this change occurred in the
opposite direction to the effect of task difﬁculty (i.e., a de-
crease vs. an increase in MEP amplitude at height and with
increasing task difﬁculty, respectively). No other changes in
the TA corticospinal excitability, SOL SICI, and TA SICI were
observed between the two surface height conditions. These
results suggest two things. First, because the additional emo-
tional response induced via postural threat generally did not
lead to any further changes in our neurophysiological mea-
sures, arousal alone is unlikely to be the main responsibility for
the changes in neural excitability that are associated with
postural task difﬁculty. Second, changes in postural strategies
that occur due to the presence of postural threat are not
Table 2. Pearson’s correlation coefﬁcient values for relationship
between various TMS and EMG measures
Low Height High Height Both Heights
bEMG and test MEP
SOL 0.13 (0.18) 0.53 (0.28) 0.36 (0.13)
TA 0.82 (0.67)* 0.91 (0.83)* 0.44 (0.20)
bEMG and SICI
SOL 0.48 (0.23) 0.04 (0.00) 0.23 (0.05)
TA 0.01 (0.00) 0.21 (0.04) 0.24 (0.06)
Test MEP and SICI
SOL 0.45 (0.20) 0.23 (0.05) 0.20 (0.04)
TA 0.23 (0.05) 0.13 (0.02) 0.21 (0.04)
Values are Pearson’s correlation coefﬁcient (r) used to examine the rela-
tionship between various transcranial magnetic stimulation (TMS) and elec-
tromyographic (EMG) measures in soleus (SOL) and tibialis anterior (TA)
muscles. bEMG, background EMG; SICI, short-interval intracranial inhibition.
Values in parentheses indicate R2 for each correlation. *Signiﬁcant correlation.
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primarily controlled by altering intracortical inhibitory control.
Rather than changes in responsiveness at the level of the motor
cortex being responsible for the previously observed reductions in
spinal excitability (Sibley et al. 2007), other mediators of spinal
excitability, such as the vestibulospinal or reticulospinal path-
ways, may be more strongly inﬂuenced by the elevated levels of
anxiety and arousal. This would be supported by the work of
Naranjo et al. (2016), who observed increased vestibular response
gains in the presence of postural threat, and that of Marker et al.
(2017), who found alterations in reticulospinal effects during
periods of increased psychosocial stress. Furthermore, indirect
pathways arising via the basal ganglia or cerebellum are also
known to be affected by threat (Staab et al. 2013).
Although it appears that postural threat had a smaller effect
than expected on the corticospinal control of posture, it is
important to consider that the effects of postural threat on
corticospinal excitability have varied greatly between studies.
For example, whereas this study observed a decrease in SOL
corticospinal excitability (test MEP amplitude) in the presence
of postural threat, Tanaka et al. (2013) found larger internal
oblique MEPs when individuals stood at an elevated height with
minimal surround surface, whereas Johannsson et al. (2017)
reported no change in SOL MEPs in individuals standing at the
top or bottom of a staircase. This contrasts with the more consis-
tent ﬁndings regarding the effects of postural threat on the cortical
inhibitory mechanisms during standing. Both Tanaka et al. (2013)
and Johannsson et al. (2017) noted no change in the duration of
the cortical silent period, which is believed to be partially a result
of the amount of GABAB-mediated intracortical inhibition (Wer-
hahn et al. 1999) and is similar to the lack of change in SOL and
TA SICI, which is attributed to GABAA receptor-mediated intra-
cortical inhibition (Kujirai et al. 1993; Ziemann et al. 1996),
observed in this study.
Several reasons may account for why there is a large
between-study variation in how the motor cortex responds to
postural threat. Perhaps the most important consideration is the
size of postural threat. For example, standing on a narrow
surround at a 60-cm height (Tanaka et al. 2013) or looking
down a 70-cm staircase (Johannsson et al. 2017) is likely to
present a much lesser or even an insufﬁcient amount of
postural threat than standing at the edge of a 3-m platform
(Brown and Frank 1997). Similarly, how the presented threat is
perceived by the participant may also inﬂuence the postural
control strategy and, consequently, the cortical involvement in
postural control. In the data presented by Johannsson et al.
(2017), none of the participants reported a fear of falling while
standing at the top of a staircase, suggesting that the postural
threat may have been perceived as minimal by the participants.
This contrasts with the current study, where 5 of 14 partici-
pants reported at least a 50% fear of falling when completing
the unstable postural task at the high surface height. Because
individuals adopt different postural control strategies depend-
ing on whether they are fearful or not fearful to the presented
threat (Davis et al. 2009), this may partially explain the large
differences in postural control strategies that have been ob-
served between studies. In fact, when individuals are presented
fearful images to induce psychosocial stress, the amount of
motor cortical excitability and intracortical facilitation is asso-
ciated with the individual’s likelihood to experience fear and
anxiety (Borgomaneri et al. 2017). Exploratory analyses were
conducted to examine whether a similar relationship between
the perceived level of postural threat and cortical response
could be observed in the current data. However, perhaps due to
the small sample sizes (n  4 or 5 per group), no systematic
differences in test MEP amplitudes or SICI were found be-
tween individuals reporting no fear and those reporting a high
level of fear (50%), or between individuals reporting a low
vs. high level of somatic sensation at height. Similarly, there
were no noticeable differences in the effect of postural threat
between individuals who completed the high height condition
ﬁrst compared with those who experienced the low height
condition ﬁrst, though the presentation order of the threat
condition is known to inﬂuence an individual’s perception of
threat and, consequently, alter measures of postural control
(Adkin et al. 2000). Clearly, further investigation into whether
these factors truly affect the neurophysiological measures of
standing posture is warranted.
Another consideration that may contribute to the divergent
ﬁndings between studies is the muscle under examination. It is
conceivable that participants in the study of Tanaka et al.
(2013) increased corticospinal drive to the trunk muscles to
stabilize posture when standing in the presence of postural
threat. Although a similar strategy could be employed for the
SOL, it is also possible that participants perceived the TMS
pulse over the triceps surae as an externally induced, destabi-
lizing perturbation. By lowering the corticospinal excitability
of the triceps surae, this would serve as an efﬁcient counter-
measure to cope with TMS such that the magnetic stimulus
would result in a smaller evoked muscle response and, conse-
quently, less postural sway.
Although the variation of postural control strategies and
levels of emotion observed between studies may be responsible
for some of the inconsistencies in cortical responses obtained
during standing, it is important to note that the variable effects
of emotional state on cortical excitability are not limited to
studies involving postural threat. For example, when individ-
uals are tested under psychosocial stress, MEP amplitudes have
been found to be greater (Marker et al. 2014) or not different
(Borgomaneri et al. 2015; Tanaka et al. 2011) between the high
and low stress conditions. Similarly, Tanaka et al. (2011)
observed a decrease in SICI between nonpressure and pressure
conditions, whereas Borgomaneri et al. (2015) found individ-
uals to show no change in SICI or MEP when seeing fearful
body language. Although the emotional responses to psycho-
social stress will certainly differ from those observed under
postural threat, the fact that there is a large range of cortical
responses in situations of elevated emotion across a variety of
studies and experimental paradigms involving stress or anxiety
suggests the need for future studies to include much larger
sample sizes to better establish whether a relationship between
the size of emotional response (e.g., perceived fear and anxi-
ety), speciﬁc postural control strategies, and changes in the
cortical contribution to postural control exist.
In conclusion, the results of this study support the notion that
the motor control of differently demanding postural tasks rely
greatly on cortical mechanisms, as reﬂected by the increased
SOL and TA corticospinal excitability as well as the reduced
SOL and TA intracortical inhibition in the more challenging
postural tasks. However, when the tasks were performed in the
presence of postural threat, a decrease in SOL corticospinal
excitability and no effects on intracortical inhibition were
observed. Because summative effects on test MEP amplitude
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and SICI were not observed when the postural tasks were
performed in the presence of postural threat, these results
would suggest that the neurophysiological changes that occur
with increasing postural task difﬁculty are unlikely the result of
threat-related changes in emotional state.
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